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Abstract 
Digital Image Correlation (DIC) is employed for the measurement of full-field 
deformation during fluid-structure interaction experiments in a wind tunnel. The 
methodology developed for the wind tunnel environment is quantitatively assessed. The 
static deformation error of the system is shown to be less than 0.8% when applied to a 
curved aerofoil specimen moved through known displacements using a micrometer. 
Enclosed camera fairings were shown to be required to minimise error due to wind 
induced camera vibration under aerodynamic loading. The methodology was 
demonstrated using a high performance curved foil, from a NACRA F20 sailing 
catamaran, tested within the University of Southampton RJ Mitchell, 3.5m x 2.4m, wind 
tunnel. The aerodynamic forces induced in the wind tunnel are relatively small, compared 
with typical hydrodynamic loading, resulting in small deformations.  The coupled 
deflection and blade twist is evaluated over the tip region (80-100% Span, measured from 
the root) for a range of wind speeds and angles of attack. Steady deformations at low 
angles of attack were shown to be well captured however unsteady deformations at higher 
angles of attack were observed as an increase in variability due to hardware limitations in 
the current DIC system. It is concluded that higher DIC sample rates are required to assess 
unsteady deformations in the future. The full field deformation data reveals limited blade 
twist for low angles of attack, below the stall angle. For larger angles, however, there is 
a tendency to reduce the effective angle of attack at the tip of the structure, combined 
with an unsteady structural response. This capability highlights the benefits of the 
presented methodology over fixed-point measurements as the three dimensional foil 
deflections can be assessed over a large tip region.  In addition, the methodology 
demonstrates that very small deformations and twist angles can be resolved. 
 
Keywords: Wind tunnel tests; Digital Image Correlation; Fluid Structures Interaction; 
Composite materials; Aeroelastic tailoring 
 
2 
  
 3 
Nomenclature 
 
α  foil angle of attack 
θ  camera stereo angle 
φ  camera to tunnel transformation angle 
ρ   air density 
s  specimen distance to the cameras   
cb  blur circle 
c  foil chord 
CD,CY,CZ drag , side and vertical force coefficients 
𝐷𝐹   distance from the lens to the far limit of the depth of field 
𝐷𝑁   distance from the lens to the near limit 
f   the lens focal length 
L  foil span 
N   the lens f-number 
Re  Reynolds Number 
VS  wind speed  
 
Coordinate systems: 
xc, yc, zc camera (DIC system) 
xt, yt, zt  tunnel 
xd, yd, zd dynamometer (foil forces) 
  
 
 
1. Introduction  
Fluid Structure Interaction (FSI) studies have been mainly focused on the coupled 
numerical modelling of structural deformation under fluid loading utilising Finite 
Element Analysis (FEA) and Computational Fluid Dynamics (CFD) for the structures and 
fluids respectively (Lee, Jhan and Chung 2012, Nicholls-Lee, Boyd and Turnock 2009, 
Fedorov, et al. 2009, Maheri, Noroozi and Vinney 2006).  In isolation there are many 
methods for the validation of FEA and CFD.  However, there is a lack of experimental 
validation data for FSI investigations associated with accurate measurement of structural 
deformation under fluid loading.  
Wind tunnel testing provides a controlled environment for the fluid loading of 
structures.  The forces developed during testing are acquired via a dynamometer.  
However, standard wind tunnel testing often employs stiff structures such that the 
geometry remains effectively constant with respect to fluid loading.  In reality structures 
will deform with increasing fluid loading, particularly where fibre reinforced composites 
are employed.  The current research focuses on the assessment of an experimental 
technique that can be used to quantify the deformation and the bend-twist coupling for 
aero-elastic tailored composite structures under fluid loading, i.e. FSI.  
In the past two decades, the trend of investigating the potential applications of 
composites structures has widely increased. Composite materials not only present a high 
stiffness to weight ratio, but also a better fatigue resistance compared to metallic 
components (Lee and Lin 2004). Using the anisotropy of the material, it is possible to 
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design components presenting elastic couplings that will enhance the performance of the 
whole structure (Veers and Bir 1998, V. Fedorov 2012, Shirk and Hertz 1986, Liu and 
Young 2009, Young 2008). Careful directional placement of fibres and design of the 
composite architecture can result in an additional coupled response that will affect the 
effective angle of attack of the foil structures. In order to investigate this process an 
accurate full-field technique is required to measure the deformation whilst under fluid 
loading.   
The experimental method used is the highly established Digital Image Correlation 
(DIC) technique.  DIC has been used at a variety of scales from high magnification 
(Crammond, Boyd and Dulieu-Barton 2013) to large-scale structures (McCormick and 
Lord 2012). This technique involves the use of digital cameras that register a series of 
images of a surface on which a randomised speckle pattern is applied.  The key advantages 
are the use of simple equipment (i.e. cameras, lenses, lights and a computer), the fact that 
it is a non-contact measurement and its high fidelity of precision, (Zhengzong, et al. 2011). 
Within DIC software, the speckle pattern is mapped to calculate the deformed shape, 
thereby allowing the derivation of the deflections and strains of the investigated object, 
(Rastogi and Hack 2012).  The use of a single camera allows for the measurement of 
deformation in a single plane normal to the camera, i.e. 2D DIC.  The use of two cameras, 
in a stereo configuration, allows for the measurement of deformations both in the plane 
normal to the camera and out of plane, i.e. 3D DIC.  For 3D DIC the angle between the 
cameras controls the measurement accuracy of the out of plane deformation (Sutton, 
Orteu and Schreier 2009, Zhengzong, et al. 2011, Rastogi and Hack 2012, Reu 2013). For 
a foil structure the difference in leading and trailing edge deformation, normal to the 
chord, determines the impact of the deflection on effective angle of attack. Therefore 
optimizing the stereo angle between the two cameras for out of plane accuracy is essential 
(Reu 2013, Reu 2012, Ke, et al. 2011).  DIC has been widely used and validated for two-
dimensional and three-dimensional analysis of small specimens, (Zhengzong, et al. 2011, 
Rastogi and Hack 2012, Helm, McNeill and Sutton 1996). These are mostly analysed 
using small stereo angles (θ up to 17°) as this increases the in-plane resolution (Reu 2013, 
Ke, et al. 2011). Three-dimensional DIC for a wide range of stereo angles and lenses are 
presented by Ke et al. (2011) and Phillip Reu (2013) and deflections and strains are 
assessed with experimental values, showing the possibility of increasing the stereo angle 
up to θ =60° for large out of plane deformations.   
The current research focuses on the assessment of the DIC technique to measure the 
deformation of foil structures under fluid loading. All of the available parameters (lenses, 
stereo angle, stand-off distance and speckle pattern) are herein assessed to provide a DIC 
procedure suitable for a wind tunnel environment. The tested specimen (a curved 
daggerboard from the NACRA F20 Carbon catamaran) allows the DIC methodology to 
be assessed in challenging conditions due to its complex geometry and the fact that only 
small deformations are expected under aerodynamic loading. The presented methodology 
will be of use not only to high performance foils for catamarans, but also to wind turbine 
blades (Lin and Lai 2010, Fedorov, et al. 2009, Karaolis, Musgrove and Jenimidis 1988, 
Nicholls-Lee, Boyd and Turnock 2009), helicopter rotors (Ganguli and Chopre 
November-December, 1995, Murugan, Ganguli and Harursampath January-February, 
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2008), propeller blades (Khan, et al. 2000, Lee and Lin 2004), ship rudders (Turnock and 
Wright 2000, Molland and Turnock 2007) and high performance racing cars (Thuwis, et 
al. 2010). At the time of writing, little research has been developed involving Digital 
Image Correlation (DIC) within a wind tunnel to evaluate a coupled FSI problem. Most 
of the research in this field is investigating the elastic deformations and corresponding 
aerodynamic response of micro air vehicles, (Albertani, et al. 2007, Carpernter, Ray and 
Albertani 2012, LaCroix, Gardiner and Ifju 2013). The present research aims to develop 
a methodology that accurately captures the passive deformation of a foil structure under 
a fluid loading condition. The developed approach will then be assessed over a range of 
foil conditions including both wind speed and angle of attack to determine its suitability 
for obtaining validation data for FSI cases in the future.  
2.  Methodology 
2.1. Wind Tunnel Setup 
The experiments were conducted in the 3.5 m x 2.4 m RJ Mitchell wind tunnel at the 
University of Southampton. Two sets of experiments were performed in order to assess 
the repeatability of the results and the robustness of the approach.  The closed circuit 
tunnel operates at wind speeds of 4 to 40 ms-1 with less than 0.2% turbulence. A six 
component Nutem load cell balance is mounted on a turntable in the tunnel roof. Figure 
1 shows the cross-section of the wind tunnel and the position of the dynamometer. 
 
Figure 1: Wind tunnel arrangement showing specimen mounting system onto the 
dynamometer. Insert A illustrates the different coordinate systems relating to: the DIC 
camera system xc, yc, zc (defined by the calibration plate), the tunnel xt, yt, zt (fixed) and 
the dynamometer xd, yd, zd (free to rotate about the vertical axis zt,d).  
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The tested foil (NACRA F20 carbon daggerboard) has an exposed length of 1.1m from 
root to tip in a straight line, a chord of 0.252m and a thickness of 0.027m before tapering 
at the tip. In order to attach the tested structure to the overhead balance it was necessary 
to build a rigid structure to hold the foil. The mounting frame was made of aluminium 
Rexroth© bars supporting faired wooden blocks to clamp the foil at its root and a point 
0.6 m below, as shown in Figure 1. The clamping arrangement of the foil replicates the 
boundary conditions at the bottom and top of the F20 hull, through which it passes. 
 The dynamometer and foil can be rotated about the vertical axis of the tunnel to allow 
an angle of attack to be applied. The dynamometer is designed to have a virtual centre (or 
reference point) 1.27 m below the tunnel roof, about which the moments and forces are 
measured. The tunnel and dynamometer coordinate system are the same for zero angle of 
attack, as depicted in Figure 1.  
The mounting frame was attached to the overhead balance and enclosed by a 
representative hull-shaped fairing attached to the wind tunnel ceiling. This ensured that 
only the forces acting on the foil were recorded by the dynamometer, whilst providing 
similar flow conditions to a foil protruding from a catamaran hull, see Figure 2. The 
mounting frame was offset from the tunnel centreline so that the structure would rotate 
about a point near the blade tip. This ensured that as the angle of attack increased the 
blade tip would remain in the field of view of the DIC camera system. Figure 1, shows 
the wind tunnel and camera positions. It was possible to assess that the surface of the foil 
was at an angle of 37° with respect to the tunnel floor in the wind tunnel axis.  
 
 
Figure 2: R.J. Mitchell wind tunnel working section, showing fairings and DIC equipment 
positions. 
 
For each test condition of wind speed and foil angle of attack, the force and moment 
data was acquired at a frequency of 1 kHz over a period of 10 seconds. Before each test 
condition all channels were zeroed to account for any systematic drift due to changing 
environmental conditions. The calibration of the dynamometer was checked by applying 
a known static load approximately normal to the foil surface.  
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2.2. Digital Image Correlation set up 
The speckle pattern used in DIC is commonly applied manually through the use of 
aerosol distributed paint.  This produces a truly random speckle pattern but the quality is 
based on the skill of the user, the method of paint application and the distribution of 
speckle density and size (Crammond, Boyd and Dulieu-Barton 2013).  Due to the scale 
of the testing in the present research, the relatively large stand-off distance of the camera 
to the structure and the relatively large field of view, a random digitally created speckle 
pattern was generated using the program ImageJ, allowing the size and density of the 
speckles to be controlled. A previous study by Soubeyran (2013) investigated the effect 
of different speckle patterns on displacement error for a DIC set-up similar to that used in 
the wind tunnel. A range of speckle sizes and densities were compared by providing a 
known out-of-plane displacement and assessing the error in the DIC displacement. A 
high-density pattern with a speckle size of approximately 6 pixels was found to minimize 
the error in displacements below 5 mm, whilst little difference was observed for larger 
displacements. As the expected displacements in the wind tunnel were up to 10 mm, this 
speckle pattern was printed onto decal-paper and attached to the surface of the foil at the 
tip as shown in Figure 3.     
 
   
 
(a) (b) (c) (d) 
 
Figure 3: Speckle pattern on tested foil. Left camera view(a), right camera view(b), 
mapped image from DaVis providing the calabrated region of the specimin from both 
camera images(c) and zoomed-in speckle pattern (d). In all images the leading edge of 
the foil is on the left and the trailing edge is on the right. 
 
Two MANTA G-504B/C cameras were placed behind open fairings on an instrument 
rail mounted on the floor of the wind tunnel. This removed any possibility of image 
distortion associated with cameras looking through viewing windows. For the system to 
operate with large out of plane deflections and dynamic motions, a small aperture and 
shutter speed were required to increase the depth of field and reduce specimen motion 
induced blurring for unsteady deflections. Therefore high lighting levels were required to 
provide maximum sub-pixel contrast of the speckle pattern on the foil. A high-powered 
LED light source was mounted on the rail between the two cameras. Two additional high 
powered LED lights were located outside the tunnel and directed through a viewing 
window, seen in Figure 2. The equipment used in the experiment is described in Table 1. 
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Table 1: Digital Image Correlation equipment and settings. 
Equipment Set-up 
Camera 
2 MANTA G-504B/C 
Sensor size: 8.5 x 7.1 mm 
Pixel size: 3.45 µm 
Resolution (max): 2452 x 2056 pixels 
Magnification: 0.15 
Exposure time: 8000 µs 
Frame rate: 1Hz 
Lens 
Nikon: Nikkor 50 mm f/1.8D 
Aperture: f-11 
Light 
1 x 8 high power LED light source  
2 x NILA Zaila LED light 
Speckle pattern 
Speckle size: 0.75mm (approx 6 pixels) 
Dimensions: 250 x 270 mm 
 
Prior to the experiment, an assessment was made of the available lenses and the 
resulting field of view within the constraints of the wind tunnel dimensions. To ensure 
that the specimen remained in focus during the experiments it was important to calculate 
the expected depth of field for a given lens, calculated as: 
𝐷𝑜𝐹 = 𝐷𝐹 − 𝐷𝑁 =
2𝑓2𝑠2𝑁𝑐𝑏
𝑓4 − 𝑠2𝑁2𝑐𝑏2
= ~180 𝑚𝑚      (1) 
where 𝐷𝐹 is the distance from the camera to the far limit of the depth of field, 𝐷𝑁 is the 
distance to the near limit, s is the specimen distance from the camera(1763.2 mm), cb is 
an assumed blur circle of 2 pixels, f is the focal length and N the f-number (Jacobson, et 
al. 2000). As the foil is rotated through a 25 degree range of angles of attack the leading 
and trailing edges move 52 mm closer or further away from the cameras.  A maximum 
foil deflection of 15 mm provides a possible range of out of plane motion of 120 mm, a 
value within the depth of field range from equation (1).  
Figure 4 defines schematically the distances from the cameras and the foil tip on which 
the speckle pattern is applied. Following the experimental analysis described in Ke, et al. 
(2011) and the guidance notes in Sutton, et al. (2009), a stereo angle of θ =45° was chosen 
to maximise the resolution of the out-of plane deflections whilst minimising the in-plane 
displacement errors and allowing a 25 degree range in angle of attack without moving the 
cameras.  
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Figure 4: DIC stereo arrangement, providing camera separation distances and angles 
from the speckle pattern. 
 
The DIC system was calibrated for each angle of attack using a type 11 LaVision 
calibration plate (Figure 5) positioned in the centre of the speckle pattern. Images from 
the two MANTA cameras were acquired simultaneously using the imaging toolbox in 
LabVIEW (IMAQdx). A series of calibration images were taken with the plate at different 
angles to the foil allowing the LaVision DIC software DaVis 8.1.4 to calculate the position 
of the two cameras with respect to the specimen. The calibration plate has precisely 
machined dimensions, with two different levels of markers. The calibration process 
locates the markers providing the orientation of the plate in each calibration image. The 
first calibration image is taken with the calibration plate flat on the surface of the specimen 
and provides the camera coordinate system (xc, yc, zc) for the DIC deflections.  The 
calibration process provides an RMS fit error for the marker positions on the plate at 
different orientations. During the first set of experiments, five different images were 
recorded for each calibration in normal, tilted-down, tilted-up, tilted-right and tilted-left 
positions. This type of calibration gave, at each angle of attack, an average RMS error 
value of 0.3 pixels. To investigate the impact of the number of calibration images three 
more views were captured tilting the plate diagonally (ie both up and to the left and 
conversely down and to the right) to see if this improved the calibration process. A 
maximum RMS value of 0.2 pixels was achieved, indicating the calibration accurately 
determined the camera positions and that including additional calibration images appears 
to improve the level of accuracy. Figure 5b shows the calibration plate mapped image 
created within the calibration of the system to check that all the corrected images coincide. 
A grid of the ideal regular grid of marks is overlaid on the image showing where the centre 
of all the marks should pass. 
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Figure 5: LaVision calibration plate (a) and automatic marker recognition during 
calibration process within DaVis (b). 
 
Two sets of 30 images were recorded for each wind condition and angle of attack. The 
tip deflection was calculated by taking the mean deflection within a box located at the foil 
structure’s tip (depicted later in figure 13). Immediately after each calibration a series of 
10 no-load images (wind speed: 𝑉𝑠 = 0 𝑚/𝑠) were acquired to allow the system resolution 
to be determined. As the foil is not loaded the calculated displacements are due to the 
system error. The tip deflection error is assessed as the standard deviation of the deflection 
within the tip box for each image at zero wind speed. The resolution of each component 
of tip deflection is calculated as the average error over all 10 images. This produced a 
system resolution for the tip deflection magnitude of 0.023 mm. An additional two sets of 
images were obtained for each experimental condition on a different day to assess the 
repeatability of the experimental method.  
 
3. Results 
3.1. DIC System Assessment  
An assessment of the accuracy of the DIC system was performed both in a laboratory 
environment and in the wind tunnel. Before conducting the experiments in the wind tunnel 
the out of plane accuracy of the 3D DIC system was evaluated in a static laboratory 
environment. The same speckle pattern used in the wind tunnel was mounted on a flat 
plate where the out of plane deflection was set using a Vernier scale micrometer with a 
resolution of 0.05mm (Soubeyran 2013). The cameras were set up with approximately the 
same configuration as in the wind tunnel and a stereo angle of 43.3 degrees. As can be 
seen in Figure 6 the DIC system calculated the deflection with less than 1% error over a 
range of deflections from 0.5-25mm. However for deflections below 0.5 mm the error 
increases significantly. From previous static loading of the tested foil conducted by 
Soubeyran (2013) the deflections in the wind tunnel were expected to be up to 10 mm at 
40 ms-1, providing low displacement error with this DIC configuration.    
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Figure 6: DIC displacement error for a flat plate moved through known displacements 
within a Lab environment. 
 
The laboratory study gave confidence in the general experimental configuration and 
speckle pattern validity, however it did not assess the impact of the 3-D surface of the foil 
at the tip. Moreover, it did not account for the exact distances encountered in the wind 
tunnel and the angle of the foil with respect to the cameras. Therefore, an aerofoil-shaped 
structure was placed on a micrometer within the wind tunnel in the same orientation as 
the tested structure and at exactly the same distances to the cameras. Out-of plane 
displacement were applied from 0.5 to 19 mm to assess the validity of the DIC equipment 
to capture deflections for a 3-D curved surface, Figure 7a. 
The DIC displacements are compared with the known displacements to provide a 
percentage error in Figure 7b. The figure shows the variation in displacement error for a 
range of different subset sizes used within the DIC processing. For the largest subset size 
the DIC error is less than 0.8% for all the displacements assessed confirming that the DIC 
methodology retains a high degree of accuracy when applied to curved surfaces.  
 
Figure 7: (a) Aerofoil-shaped structure, positioned on a micrometer, on the same plane 
as the tip of the tested foil (i.e. 37° from horizontal). (b) Out of plane DIC displacement 
error, for known displacements of a curved aerofoil specimen in the wind tunnel. 
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The subset size determines the spatial resolution on which the displacement vectors are 
calculated. Increasing the subset size reduces the error in rigid body displacements as a 
larger number of pixels are included in each interrogation widow providing more data to 
correlate. However this reduces the spatial resolution, smoothing out high displacement 
gradients associated with looking at strains in joints or small component failure loadings 
(Pan, et al. 2008).  As large displacement gradients are not expected within the tip region 
of the foil a maximum subset size of 121x121 pixels was chosen for the experiments. 
3.2. Wind Tunnel Tests 
During the experiment, fifteen test cases were investigated varying the wind speed and 
the angles of attack for a combined assessment of DIC and aerodynamic loadings. For 
each wind speed (Vs = 20, 30 and 40 ms
-1; Re = 3.3, 5 and 6.6 x105), five angles of attack 
(α = 0, 3.5, 8.5, 13.5 and 18.5 degrees) were tested. These conditions represented the 
maximum range of fluid loading achievable for both fully attached and stalled conditions. 
The images were recorded at an acquisition rate of 1 Hz. The low acquisition rate was 
related to the capabilities of the DIC system. Initially the DIC system was tested over a 
wider range of wind speeds (𝑉𝑆=10, 20 and 40 ms
-1) to assess the impact of the airflow on 
the cameras.  
3.2.1. Impact of Aerodynamic Vibration 
Once the DIC methodology had been assessed in a static environment, it was necessary 
to investigate the effect of aerodynamic loads on the DIC measurements. Preliminary 
dynamic tests revealed a large amount of image blurring at high wind speeds. The possible 
causes for this could emanate from camera vibration and/or dynamic vibration of the 
tested structure due to flow separation and reattachment. The principle source of blurring 
was shown to be camera vibration by observing the same effect while focusing the two 
cameras on the rigid wall of the wind tunnel.   
The fluid motion around the cameras was assessed using wool tufts on the fairing 
upstream of the cameras and on the cameras themselves. At the higher wind speeds it was 
possible to see large turbulence eddies downstream of the open fairing, as can be seen in 
Figure 8. To eliminate the flow-induced vibrations, enclosures for the cameras were 
manufactured.  
 
 
Figure 8: Unsteady fluid regime around a camera behind an open fairing within the wind 
tunnel. 
Turbulent 
motion of 
tufts 
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The tunnel was then run for the same test with the camera enclosed in the fairings, 
producing a significant reduction in image blurring. For each wind speed the first image 
of the set was taken as the reference picture and compared to the next 9 images of that 
condition. This allowed the vibration displacement to be assessed independently of the 
mean foil deflection. The 1 Hz DIC frame rate meant that the vibration displacement could 
not be fully characterised. However by analysing the standard deviation of the vibration 
displacement it was possible to quantify the improvement in the mean deflection 
measurements obtained by enclosing the cameras in closed fairing, see Figure 9.  
An average improvement of 70% in vibration induced displacement was recorded 
comparing the vibration magnitude in both y and z direction for the same wind conditions 
(i.e. Vs= 20 and 40 ms
-1). However, it is not removed entirely and still increases with wind 
speed. This could indicate that there is some vibration of the structure at an angle of attack 
of 5 degrees, despite none being observed by eye. Another potential source of error could 
come from vibration in the wooden panelled floor of the tunnel. These panels may transfer 
some vibrations to the aluminium instrument rails to which the cameras were attached. 
Therefore for the rest of the experiments the cameras were mounted onto rails on the 
rolling road, isolating them from the main wind tunnel structure.  
 
Figure 9: Effect of camera fairings on the camera vibration induced DIC displacement. 
 
3.2.2. Fluid loads on foil 
The fluid dynamic forces recorded by the overhead balance (dynamometer axis system 
xd, yd, zd) were converted into the tunnel axis system based on the yaw angle of the 
dynamometer (which is the same as the angle of attack of the foil). The drag, side and 
vertical force coefficients (CD, CY and CZ respectively) can be calculated as;  
 
𝐶𝐷 =
𝐹𝑦𝑑 sin(𝛼) + 𝐹𝑥𝑑 cos(𝛼)
0.5𝜌𝑐𝐿𝑉𝑠
2  , 𝐶𝑌 =
𝐹𝑦𝑑 cos(𝛼) − 𝐹𝑥𝑑 sin(𝛼)
0.5𝜌𝑐𝐿𝑉𝑠
2  𝑎𝑛𝑑 𝐶𝑧 =
𝐹𝑧𝑑
0.5𝜌𝑐𝐿𝑉𝑠
2    
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where F (xd,yd,zd) are the dynamometer forces, α is the angle of attack of the foil, ρ is 
the air density, c is the foil chord, L is the foil span (measured as a straight line from the 
foil trailing edge as it exits the hull to the foil tip) and Vs is the wind speed. 
The air temperature and atmospheric pressure were used to calculate the air density to 
remove the effect of the air being heated up by the work done by the fan. It should be 
noted that the fluid forces in air are approximately one fifth of those in water at Reynolds 
number equivalence due to the change in density. A greater number of angles of attack 
were investigated measuring just aerodynamic forces to check the foil alignment in the 
tunnel. Zero side force was measured at an angle of attack of 1.5 degrees, indicating a 
slight misalignment of the foil from the dynamometer. The recorded angles of attack have 
therefore been corrected to account for this.  The resulting force coefficients can be seen 
in Figure 10, indicating flow separation starting to occur at α=13.5° causing the rate of 
increase in side and vertical force to drop off and the drag to increase.. In a post stall 
condition, a variation in the force coefficients with wind speed is also observed indicating 
that the deformation of the structure is affecting the aerodynamic performance of the foil. 
The time history of the forces at an angle of attack of 20 degrees reveals a large 
variation in the vertical force compared to the sideways lift force. A large variation in the 
DIC deflection results is also observed in these cases, which indicates unsteady foil 
motions. This is discussed in more detail in section 3.2.3. The greater variation in vertical 
force is due to the curved nature of the foil providing more vertical force near the tip. Any 
foil motion is typically greatest at the tip causing larger variations in vertical force. The 
frequency of the aerodynamic force variation was 18Hz which was also measured as the 
natural frequency of the specimen, determined from the oscillations in force after hitting 
the clamped foil in still air.  
The recorded moments and forces can be used to calculate the centre of effort of the 
fluid forces on a known plane within the wind tunnel. The curved surface of the foil was 
simplified to a plane passing through the exposed foil root and tip, parallel with the 
dynamometer x-axis. This procedure provided the attachment point of the static weights 
within 2 % accuracy and can therefore be used to indicate how the pressure distribution 
changes over the foil. The variation in centre of effort during the experiments can be seen 
in Figure 11. It can be seen that the span wise centre of effort remains fairly constant for 
different angles of attack, whereas significant changes are observed in the chord-wise 
direction. The most obvious change is the centre of effort moving towards the trailing 
edge when the foil stalls (above α = 15 deg). This is due to a significant change in the 
pressure distribution as the flow separates from the suction side of the foil.  We can also 
see the impact of foil deflection with increased wind speed before stall, while the flow is 
still attached. It should be noted that the approximation of the pressure distribution to a 
single location will not capture the full complexity of the changes over the foil however 
they can provide a useful indication.  
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(a) 
 
(b) 
 
(c) 
 
 
Figure 10: Side, drag and vertical force coefficients of the specimen loaded under two 
different wind speeds and a range of angles of attack. Repeat values are displayed as 
additional markers. 
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Figure 11: Variation of the calculated centre of effort, of the measured fluid force, with 
wind speed and angle of attack. 
 
3.2.3. Structural response to fluid load 
An example of DIC displacement normal to the foil (camera coordinate system, zc) for 
different wind speeds is shown in Figure 12. The region in which the tip deflections are 
inspected is shown as well as the lines at which the twist angle is investigated. The 
deflected shape represents the foil as mapped by the two cameras. It is possible to note 
that the displacement increases with the wind speed and along the chord toward the 
trailing edge. Furthermore, the higher displacement level is observed at the tip of the foil. 
For a wind speed of 𝑉𝑆 =0 m/s the displacement is almost zero and the displayed values 
represent the noise in the system. The apparent differences in deflection between the 
centre and the edges of the unloaded specimen only represents the resolution of the system 
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and the calibration methodology, a higher accuracy may be achieved with a calibration 
plate that covers the entire region of interest. 
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Figure 12: Example of the full field, out of plane, displacement (camera coordinate system 
δzc) for a single angle of attack at different wind speeds (Vs). The foil leading edge is 
located on the left of each image. Note displacement scale changes for clarity. Defined 
locations for obtaining twist and tip deflections are also displayed.    
 
The tip deflection magnitude is calculated from the tip deflections δyc and δzc obtained 
from the DIC analysis. Figure 13 shows the deflection response of the structure for 
different loading conditions including fluid forces and static calibration weights applied 
to the foil. In general the deflections show a linear increase in deflection with respect to 
the normal force applied. The difference in slope between the static load (labelled as 
calibration weights) and dynamic data is due to the differences in load condition from a 
single point load to a dynamic pressure distribution. The weights in the static condition 
were applied with a pulley system at the estimated centre of effort (25% of the chord from 
the leading edge of the foil and 43% of the span from the bottom of the hull). These 
differences highlight the need to apply real fluid loadings during FSI investigations. As 
described in section 3.2.2, the fluid forces in air are significantly lower than the 
experienced forces in water; therefore the measured deflections are smaller than those 
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expected in the corresponding sailing condition. These small deflections make this a 
challenging assessment test case for the DIC methodology. 
 
In order to assess the instantaneous variability of the system the mean deflection 
obtained from the two sets of 30 images, acquired sequentially for each condition, were 
compared within both Figure 13 (a) or (b). Close agreement between data sets within each 
figure provides confidence in the values obtained. The repeatability of the experimental 
set up was assessed by repeating all the investigated conditions on a different day. The 
comparison of this data can be seen by comparing Figure 13 (a) and (b). Despite small 
variations between the data sets very good agreement is seen when repeating conditions 
on a different day. 
 
(a) (b) 
  
Figure 13: Tip displacement magnitude calculated with DIC at different aerodynamic 
force magnitudes for the full range of angles of attack and wind speeds conducted on Day 
1 (a) and repeated on Day 2 (b). In both figures the mean deflection from the first set of 
images is displayed as a solid line with the second set as a dashed line. The error bars 
represent the standard deviation of the 30 images in each set. 
 
The accuracy and repeatability of the DIC system can be observed in the consistent 
repeat values and generally low standard deviation for angles of attack below stall. For 
higher angles of attack there is a noticeable increase in the standard deviation. Table 2 
presents the results for each condition tested. The standard deviation represents both the 
system repeatability and an indication of the dynamic motions of the specimen.. In order 
to characterise the unsteady structural response of the specimen within the time domain, 
there is a need for a higher number of images per second in the DIC methodology.  
Figure 14 presents the standard deviation of the foil tip deflection. As previously 
discussed, the condition for an angle of attack of α=3.5° did not appear to have any foil 
vibration, therefore the standard deviation provides a measure of the system error, 
potentially due to camera vibrations. However, as the cameras motions will be the same 
for any given wind speed any increase in standard deviation due to changing the angle of 
attack must be due to dynamic foil motions. The large increase in standard deviation 
observed for an angle of attack of α=18.5° indicates an unsteady structural response 
associated with fluctuating fluid forces due to flow separation during stall. The standard 
deviation of 30 samples cannot determine the maximum magnitude or frequency of the 
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board motion however it does provide a useful indication of when dynamic motions are 
occurring and a measure of their relative magnitude. This allows useful comparisons to 
be made with the flow regime and highlights the limitation of the current DIC 
methodology as unsteady structural responses can only be identified but not analysed.  
 
Table 2: Tip deflection data 
AoA 
Wind 
Speed 
Normal 
Force 
Tip Deflection 
Magnitude 
Mean Standard 
Deviation 
Coefficient of 
Variation of 
[degrees] [m/s] [N] [mm] [mm] Deflection 
0.09 
0 0.09 0.00 0.01   
20 2.17 0.06 0.19 2.95 
30 4.63 0.46 0.47 1.01 
40 7.54 0.98 0.58 0.59 
3.6 
0 0.16 0.01 0.03   
20 18.71 0.58 0.19 0.33 
30 42.78 1.51 0.64 0.43 
40 77.74 3.92 0.73 0.19 
8.52 
0 0.25 0.00 0.01   
20 39.06 1.80 0.09 0.05 
30 88.61 3.84 0.24 0.06 
40 157.97 7.86 0.49 0.06 
13.45 
0 0.26 0.01 0.01   
20 52.55 2.50 0.11 0.04 
30 123.80 5.88 0.27 0.05 
40 221.13 11.32 0.80 0.07 
18.54 
0 0.30 0.00 0.00   
20 47.62 2.26 0.24 0.11 
30 119.94 5.54 0.58 0.11 
40 215.10 10.97 1.20 0.11 
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Figure14: Variability in DIC deflection data displayed as standard deviation of foil tip 
deflection for different angles of attack and wind speed. Repeat values are presented with 
different line styles. 
3.2.4. Blade twist angle variation 
The impact of the deflection on the blade twist was assessed by measuring the out of 
plane deflection along lines running perpendicular to the trailing edge, as shown in Figure 
12. At span locations 80%, 88% and 97% from the hull the chord length was 180, 150 and 
80 mm respectively as the foil tapers. The local chord length and the difference in normal 
deflection (δzc) at the leading and trailing edges were used to calculate the local change 
in angle of attack (α), displayed in Figure 15. As the aerodynamic forces are significantly 
smaller than the hydrodynamic load the foil is designed for, the observed twist deflections 
are very small. However, as the aerodynamic load increases with wind speed larger twist 
deflections are observed as a change in local angle of attack. The magnitude of the twist 
deflections also tends to increase towards the blade tip (97% of span). 
 
Figure 15: Change in local foil tip angle of attack due to specimen twist for different span 
locations and initial angles of attack. The repeat data sets from different days are shown 
by different line styles whilst the standard deviation of each data set is presented as error 
bars. 
 
Based on an out of plane measurement uncertainty of 0.7% (see Figure 6) the twist 
uncertainty due to the measurement accuracy of the DIC system can be estimated using 
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the local chord of the blade. For the twist measurements at 88% of the span the 
twist uncertainty varies from less than 0.02deg for 4mm of tip deflection (representing 
attached flow for 30 m/s and less) increasing to a maximum of 0.05deg for 11mm tip 
deflection (representing stalled conditions at 40 m/s).  
  
In general, as the angle of attack, set at the blade root increases, the twist deflection 
reduces the local angle of attack towards the blade tip. This is most noticeable for the 
largest angle of attack and corresponds to a significant shift in the centre of effort towards 
the trailing edge of the foil, observed in Figure 11. This indicates that when the foil stalls 
the centre of effort moves behind the shear centre of the foil deflecting the trailing edge 
away from the wind, reducing the local angle of attack of the foil section. It can therefore 
be assumed that the shear centre is less than 40% of the chord from the leading edge, 
providing another potential reason why very small twist angles were observed below stall 
angles. The decrease in effective angle of attack occurring in the stall condition can be 
linked to the increase in side and vertical force coefficients with high wind speeds (Figure 
10), demonstrating the possible advantages of designing structures to control their 
behaviour in increased aerodynamic load.  
The standard deviation of the twist deflection data is seen to increase with angle of 
attack, in a similar manner to the tip deflection data. This again indicates structural 
dynamic motions in the stalled condition, which cannot be characterised with the low DIC 
acquisition rate. The standard deviation also increases with wind speed, this could be due 
to camera vibration. However, at 40 m/s the standard deviation increases towards the tip 
suggesting that this variability in the data is due to the structural response, rather than 
camera motions. As this increase is observed at all angles of attack, the unsteady response 
may be a function of flow velocity rather than stall. For angles of attack below stall and 
for lower wind speeds the low standard deviation provides a higher degree of confidence 
in the twist values obtained, however due to the reduced aerodynamic loading in these 
cases the twist deflections are very small, potentially lying within the measurement 
uncertainty of the DIC system. 
The repeatability of the experimental procedure can be seen in the two data sets 
presented from different days. For angles of attack below stall good repeatability is 
observed in most of the conditions. A much greater variation between repeat values is 
observed for the stall condition (α=18.5°) that is likely to be caused by the unsteady nature 
of the structural response in these conditions. This again highlights the limits of the 
current system regarding unsteady deformations and that a higher camera acquisition rate 
is required.  
The DIC system shows that very little twist deflection is observed below stall. Larger 
twist deflections are observed at higher angles of attack, however the unsteady nature of 
these deformations results in greater variability in the measurements and a lack of 
repeatability between tests. The trends observed in the twist data appear consistent with 
changes in the measured forces and their centre of effort, however it is noted that the 
magnitude of some of these changes are similar to the measurement uncertainty for the 
DIC system. Therefore this technique should be applied to specimens with larger twist 
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deformations in the future and higher sampling frequencies should be used for unsteady 
deformations.  
 
4. Conclusions 
A methodology involving 3-D DIC has been developed and its performance assessed 
for the measurement of out of plane deflections of large specimens within a laboratory 
and a wind tunnel environment (i.e. under static and dynamic loadings). Enclosed camera 
fairings were shown to reduce the DIC system error by 57 %, minimising camera vibration 
induced deformations. An assessment of different speckle patterns (size and density of 
the speckles), subjected to known out of plane deflections, provided a selection process 
that maintained a static displacement error of less than 1 % over the range of expected 
deformations. Appropriate optics were also selected for the camera stand-off distance to 
provide a depth of field greater than the expected deformations and the rotation of the foil 
at different angles of attack. The resulting DIC methodology was shown to have a 
displacement error of less than 0.8% for a curved aerofoil specimen for known 
displacements up to 20 mm.  
For the structural arrangement of the specimen the tip displacement was found to vary 
linearly with fluid load. Small changes in deflection were repeatedly captured by the DIC 
methodology for steady load conditions before stall was reached. The robustness of the 
methodology is demonstrated through multiple repeat tests on different occasions. High 
angles of attack and wind speeds were shown to increase the variation in tip displacement 
beyond that measured for possible camera vibration. It is concluded therefore that higher 
sampling rates are required for the DIC system to assess the structural response to 
unsteady loadings due to a stalled condition.  
The full-field nature of the DIC technique has allowed the assessment of the 
deformation induced blade twist over a large region of a structure at three different span 
locations near the tip. Crucially full field analysis allows specific areas of interest to be 
identified from the results and investigated in increased detail, providing greater 
understanding from a single experimental test. Full field techniques show an advantage 
over point measurement methods as they are able to provide a methodology that can 
capture the variation in deflection and twist for small changes over a large distance. The 
DIC system was shown to repeatedly measure very small deflections for steady flow 
conditions at angles of attack below stall, however these magnitudes are similar to the 
measurement uncertainty of the system. As the angle of attack increased the twist 
deflection tends to reduce the local angle of attack at the blade tip, affecting the 
aerodynamic performance. This trend is consistent with the measured forces and their 
centre of effort.  However, the unsteady structural response greatly reduces the 
repeatability in these conditions, requiring higher frame rates to be used in the future.  
The current methodology has been shown to provide accurate and repeatable deflection 
data for aerofoil structures under steady fluid loading. By increasing the DIC acquisition 
rate this capability could be extended to include assessment of dynamic structural 
response. 
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In future works the developed experimental methodology will be applied to a fully 
defined structure to generate FSI validation data and a number of tests will be developed 
incorporating passive adaptive structures in order to investigate an optimised composite 
lay-up for flexible aerofoil structures.     
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